The commonly accepted polymeric nature of humic substances is still a matter of debate. In this work, both humic matter of different origin and undisputed neutral (polysaccharides) and negatively charged (polystyrenesulphonates) polymers of known molecular weight were studied by high performance size exclusion chromatography after dissolution in mobile phases of different composition but constant ionic strength. Modification of the control mobile phase with methanol, hydrochloric acid, and acetic acid showed a progressive alteration of the chromatographic behavior of humic materials, but it did not alter that of polymers. Absolute size reduction of bulk humic material revealed by a refractive index detector was accompanied by a substantial decrease in absorbance of peaks indicated by the UV detector. Reduction of molecular absorptivity of humic substances with changes in solution composition was confirmed by UV spectroscopy over a wide range of wavelengths. Differences in chromatographic behavior between undisputed polymers and humic samples suggest that humic matter reflects, rather than a polymeric nature, a supramolecular association of heterogeneous molecules held together mainly by weak hydrophobic forces. The content of hydrophilic and hydrophobic carbons in humic substances appears to control the intermolecular hydrogen and dispersive bondings that ultimately stabilize humic conformations in different mobile phases. (Soil Science 2001;166:174-185)
T HE size and shape of humic substances (HS) is still an unresolved issue in humus chemistry. The variability of sources and the chemical heterogeneity of HS have precluded our attaining definite knowledge of their secondary chemical structure and absolute molecular weight (Hayes, 1997) . There are still divergent opinions about whether humic substances are real polymeric macromolecules or molecular associations of relatively small molecules held together by weak interaction forces (Clapp and Hayes, 1999) . Several reviewers (Wershaw and Aiken, 1985; Stevenson, 1994) have pointed out problems associated with the techniques used to determine molecular weight values (such as freezing point depression, vapor pressure osmometry, light scattering, and sedimentation methods) and molecular sizes (such as size exclusion chromatography, ultrafiltration, small-angle X-ray scattering) of HS. The main problem is the lack of a model compound of known composition and molecular weight (MW) that can be used as a calibration standard, resulting in considerable uncertainty with regard to sizes and real MW values. Data in the literature suggest that these values may vary from 500 Da for some aquatic HS to more than 10 6 Da for soil humic acids (Stevenson, 1994) , and there is no agreement between the different methods used to evaluate MW values.
High Performance Size Exclusion Chromatography (HPSEC) is a popular method used to assess molecular sizes of both aquatic and terrestrial humic materials. Interpretation of the often erratic results obtained by HPSEC is commonly based on the polymeric model of humic substances (Berden and Berggren, 1990; Chin and Gschwend, 1991; Chin et al., 1994; Rausa et al., 1991; Peuravuori and Pilhaja, 1997; Ballarin et al., 1999) . However, efforts to correlate humic molecular weight values obtained by HPSEC with those calculated by vapor pressure osmometry (Peuravuori and Pilhaja, 1997) or to obtain viscosity data to derive the "universal calibration equation," as is customary in HPSEC of polymers (Ballarin et al., 1999) , were routinely unsuccessful. Use of predictive models to calculate molecular weight of humic substances have been equally unsuccessful inasmuch as they only indirectly relate chemical properties of small model molecules to HPSEC behavior of humic substances (Perminova et al., 1998) . HPSEC results (Conte and Piccolo, 1999a ,b; Piccolo et al., 1999; Piccolo and Conte, 2000; Cozzolino et al., 2000) showing that the molecular size of humic substances varies considerably with solution composition were explained by adopting the conformational model of a loosely-bound supramolecular association. Changes in intermolecular forces induced by solution composition were held responsible for the variation of humic molecular conformations and, hence, dimensions.
The objective of this study was to compare the noted variable HPSEC behavior of humic substances with that of undisputed polymeric macromolecules of known molecular weight, such as polysaccharides (PYR)and polystyrensulphonates (PSS), when eluted under the same conditions as humic materials. This was achieved by varying the composition of HPSEC mobile phases only to affect weak association forces such as dispersive and/or hydrogen bondings and by keeping constant the ionic strength. Moreover, the effect of the modifications introduced in solution composition on the spectrophotometric behavior of humic samples was assessed in the 250 to 450-nm UV range.
EXPERIMENTAL
Humic Substances Humic acids (HAs) were obtained from HA1, a volcanic soil (Typic Xerofluvent) from Vico, Italy, HA2, an oxidized coal (Eniricerche, SpA), and HA3, a North Dakota lignite (Mammoth, Int. Chem. Co., Houston, Texas) Humic substances were isolated from raw materials by standard procedures (Stevenson,1994) .Further details are reported elsewhere (Conte and Piccolo, 1999 a and b) . All humic samples were characterized for their elemental content using a Fisons EA 1108 Elemental Analyzer. Ash content was less than 5% in all samples. Fifty milligrams of humic acid were suspended in 50 mL of distilled water and titrated to pH 7 with a C0 2 -free solution of 0.5 M NaOH using an automatic titrator (VIT 90 Videotitrator, Radiometer, Copenhagen, Denmark) under an N 2 atmosphere and stirred. Sodium-humates were then filtered through a Millipore 0.45 m and freeze-dried.
Solid State NMR Spectroscopy
Cross-Polarization Magic Angle Spinning Carbon-13 Nuclear Magnetic Resonance (CPMAS-13 C-NMR) experiments were performed on a Bruker AMX400 operating at 100.625 MHz on the carbon-13. The rotor spin rate was set at 4500 Hz. A recycle time of 1 s and an acquisition time of 13 ms were used. All the experiments were conducted with Variable Contact Time (VCT) pulse sequence in order to find the Optimum Contact Time (OCT) for each sample and minimize errors on evaluation of peak areas (Conte et al., 1997) . The OCT ranged between 0.8 and 1.0 ms. A 50-Hz line broadening was used, and side bands of the carboxyl-C signal were subtracted from the 110-140 ppm region by automatic integration after spectra acquisition. As is generally reported for humic substances (Piccolo and Conte, 1998) , areas of alkyl (0-45 ppm) and aromatic (110-160 ppm) carbons were attributed to hydrophobic carbons, whereas those of C-O, C-N groups, O-and N-alkyl carbons (45-110 ppm), and carboxylic carbons (160-190 ppm) represented hydrophilic carbons. The areas of nonpolar and polar carbons were used to calculate hydrophobicity (HB) and hydrophilicity (HI), respectively, for all HAs. Possible variation in carbon attribution in the 100-110 ppm range for HA2 from an oxidized coal does not substantially affect the significance of the HI and HB empirical indexes. Carbon distribution and HI/HB ratios are given in Table 2 .
Size Exclusion Chromatography (HPSEC)
The HPSEC system included a Perkin Elmer LC-200 solvent pump, two detectors in series: a UV-Vis variable wavelength detector (Perkin Elmer LC-295) set at 280 nm and a refractive index (RI) detector (Fysons Instruments, Refractomonitor IV), and a Rheodyne rotary injector equipped with a 100-L sample loop. A TSK column (Toso Haas) G3000SW (600 mm ϫ 7.5 mm i.d.) preceded by a 7.5 cm G3000SW GuardColumn (7.5 mm i.d.) and by a 0.2-m stainless steel inlet filter was used in a thermostated water bath at 25 ЊC. (Berden and Berggren, 1990; Conte and Piccolo, 1999 b; Barth, 1990; Becher et al., 1985) . All mobile phases were made by using MilliQ water and HPLC-grade reagents and were filtered through Millipore 0.45-m membrane filters and He degassed. Elution of all mobile phases was performed at the flow rate of 0.6 mL min Ϫ1 . The void volume (V 0 ϭ 11.18 mL) and total permeation volume (V t ϭ 20.57 mL) of the columns were determined using Blue Dextran 2000 and water, respectively.
Size Exclusion of Humic Acids Sodium humates were used to exclude random occurrence of negative charges on the solute molecules (Yau et al., 1979) when dissolved into the mobile phase. Charge density of each humic sample was thus the same in all mobile phases except for the modifications brought about by the ionic composition of the four mobile phases. Freeze-dried sodium humates were dissolved in each mobile phase, immediately passed through a 0.45 m filter (PVDF Millipore) and injected into the HPSEC system operating with the same mobile phase. Matching the conditions of the injectate solution to that of the mobile phase minimizes random changes in coiling and allows consistent size exclusion to occur (Chin and Gschwend, 1991; Yau et al., 1979) . Humic solutions (0.5 g L Ϫ1 ) were prepared anew before each injection. Three replicates for each humic solution were run for each mobile phase. The relative standard deviation of Mw values in subsequent sample injections never exceeded 5%, thereby confirming the extreme reproducibility of the HPSEC analysis of humic substances (Berden and Berggren, 1990; Rausa et al, 1991; Conte and Piccolo, 1999 a and b) .
Size Exclusion of Polymers
Polysaccharides (Polymer Sciences Laboratories, UK) of known MW (100, 48, 23.7, and 12.2, KD) and PSS (Polymer Standard Services, Germany) of known MW (130, 32, 16.8, 6 .78 and 4.3 KD) were used as received. Although only PSS were visible at the UV detector (280 nm), both polymers were revealed by RI detector. Five milligrams of each polymer of known MW were dissolved into 10 mL of different mobile phases and injected in the HPSEC system as was done for humic samples. For each mobile phase, linear semi-log curves of the polymeric standards were obtained over the range of known MWs (Fig. 6 ). The linear relation between retention volumes and log MW drawn for PYR was used to determine the molecular weight of a humic analyte, Mi,, at some eluted volume i, for each mobile phase. Relative standard deviations of triplicate analyses were less than 2% for both neutral and negatively charged polymers.
Molecular Weight Determination
Size exclusion chromatograms of humic substances as obtained by both the UV-Vis and RI detectors were processed by the Perkin-ElmerNelson Turbochrom 4-SEC peak integration and molecular weight software. Calculation of the weight-(Mw), and number-averaged (Mn) molecular weights, and polydispersity (Mw/Mn) were done by common HPSEC methods (Conte and Piccolo, 1999 b; Yau et al., 1979) .
UV Spectroscopy
Sodium-humates were redissolved in 0.05 M NaCl in order to reach a concentration of 0.5 gL Ϫ1 and added with the same amounts of methanol, HCl, and acetic acid as those used for HPSEC experiments. These HA solutions were diluted 100 times in 0.05 M NaCl and run for light absorbance from 250 to 450 nm in a UVVis Perkin Elmer Lambda 3 spectrophotomer using quartz cuvettes.
RESULTS AND DISCUSSION

Molecular Composition of Humic Substances
Differences in composition among HAs were shown by their elemental analysis and C/H and C/N ratios (Table 1 . The molecular composition of the HAs was also evaluated by CPMAS-13 C-NMR spectroscopy (Table 2 ). The HI/HB ratio (an empirical index of hydrophilicity) varied in the order: HA1ϾHA2ϾHA3 (Table 2) , indicating that HA3 from lignite was the most hy-drophobic material, and HA1 from soil had the highest hydrophilicity.
CPMAS-NMR spectra obtained with OCT to minimize carbon quantification indicate the structural differences that may affect association and reactivity of humic matter in solution (Conte et al., 1997) . It is expected that, as in the case of proteins, which assume the conformation that best excludes hydrophobic components from water (Tanford, 1991) , humic substances in solution reduce the free energy of solvation by arranging their conformation in a way that confines most of their hydrophobic constituents away from water (Wershaw, 1986 (Wershaw, , 1993 . By analogy, it has been suggested (Conte and Piccolo, 1999 b; Piccolo et al., 1999; Piccolo and Conte, 2000; Cozzolino et al., 2000) that the heterogeneous molecules that compose humic matter self-assemble at neutral pHs in random conformational arrangements in which hydrophobic domains, held together by weak dispersive forces such as van der Waals, -, and CH-interactions (Nishio et al., 1998) contain, or are contained by, hydrophilic domains. The size and number of both domains should then be dependent on the different molecular components that ultimately control humic reactivity. Therefore, a simple HI/HB ratio (Table  2) will generally represent the capacity of humic associations to interact with organic compounds of different polarity. The higher the hydrophobicity of a humic material, the larger its potential interaction with compounds of low polarity and the smaller its potential interaction with those of higher polarity. A relationship between HI/HB ratios of humic substances and the changes in molecular sizes induced by monocarboxylic and other organic acids with progressively higher number of carbon atoms has already been shown (Piccolo et al., 1999; Cozzolino et al., 2000) .
Changes of HA Molecular Sizes with Mobile Phases
The weight-averaged molecular weights (Mw), their percent changes in different mobile phases, and polydispersity (Mw/Mn) of all HAs are reported in Table 3 for both the UV and RI detectors. Chromatograms of HA1 and HA2, recorded by both UV and RI detectors, are shown in Figures 1 and 2 , 3, and 4, respectively. UV detection determines the molecular absorptivity of chromophores absorbing at the chosen UV wavelength, whereas RI detection evaluates the overall mass distribution of humic substances.
In a control solution, HA2 had the lowest Mw of all HAs, with good agreement between UV and RI values. Moreover, its lower polydispersity indicates that HA2 is more homogeneous in chemical composition than HA1 and HA3. The different molecular properties of HAs were evident in the differences among elution profiles for control solutions by both UV and RI modes (Figs. 1-4) .
The use of mobile phase B (solution A made 4.6 ϫ 10 Ϫ7 M in methanol but with very similar pH) modified the chromatograms of HAs. Mw values calculated on UV chromatograms decreased by more than 50% for HA2 and HA3 while they increased by 26 % for HA1 (Tab. 3). More comparable results were obtained by the RI detector which showed a decrease in Mw values for all HAs. In UV chromatograms of both HA2 (Fig. 3) and HA3 (not shown), the first peak disappeared and the second (diffused) peak was significantly reduced while its maximum eluted at a larger volume than in solution A. Conversely, HA1 showed an increase of the first peak and a decrease of the second peak (Fig. 1) , thereby accounting for the enhancement of its Mw values (Table 3 ). The RI chromatograms confirmed these changes and also showed the appearance of (Table 3 ). The UV chromatograms showed large peaks reduction in HA1 and HA2 (Figs. 1 and 3) . RI chromatograms also indicated that most of HA1 and HA2 (Figs. 2 and 4 ) was eluted at the total volume when in mobile phase C, thereby confirming the substantial size reduction suggested by UV chromatograms. Mobile phase D (solution A made 4.6 ϫ 10 Ϫ7 M in acetic acid with pH 5.69) was most effective in reducing the Mw values of all HAs in respect to the control solution (Table 3) . Ultraviolet chromatograms of all HAs showed not only peak intensities of about 1 order of magnitude smaller than in the control solution but also a shift of the peak toward higher elution volumes than for solution C (Figs. 1 and 3) . Refractive Index chromatograms showed that the bulk of HAs was shifted to total volume (Figs. 2 and 4) and supported the indication of an extreme size reduction of humic matter upon acetic acid addition.
An explanation proposed earlier (Chin and Gschwend, 1991; Chin et al., 1994; Becher et al., 1985) that the shift to larger elution volumes should be attributed to a coiling down and, hence, to a reduction of the hydrodynamic radius (radius of gyration, R g ) of humic polymers with changes in ionic strength (Ghosh and Schnitzer, 1980) cannot explain our results because we kept the ionic strength constant in all mobile phases. The decrease in molecular size observed with the modified mobile phases should be explained rather by changes in humic associations induced by the different mobile phases. When the control solution was made, only 4.6 ϫ 10 Ϫ7 M in methanol (solution B), no new ions, and no new pH changes were introduced. Hence, the alteration in molecular size distribution of HAs should be attributed exclusively to the effect of CH 3 OH on both the dispersive interactions among the apolar components of humic aggregates and the hydrogen bondings among the oxygen-containing functions largely present in humic matter.
Whereas the RI detector clearly indicates a shift of molecular mass toward lower molecular size ranges (Figs. 2 and 4) , these results alone would not exclude the traditional explanation that formation of hydrogen bonding would produce a molecular coiling of the humic polymer and elution at larger volumes (Ghosh and Schnitzer, 1980) . However, this explanation cannot justify the large reduction in peak intensity observed in the UV chromatograms of HA2 and HA3 eluted in mobile phase B and reflected in the decrease of relative Mw values (Tab. 3). The changes in peak absorbance confirm the mass shift to lower molecular size observed by the RI detector.
Our results from both UV and RI detectors can be explained by assuming that humic sub- stances in solution are supramolecular associations of relatively small molecules bound loosely together by dispersive interactions and hydrogen bondings (Conte and Piccolo, 1999 b; Piccolo et al., 1999; Piccolo and Conte, 2000; Cozzolino et al., 2000) . Such weak intermolecular forces are easily overcome by the slight changes in composition of mobile phases. The original supramolecular association of the dissolved HAs is then fragmented into smaller molecular aggregates which, when separated by size exclusion chromatography, show a significant reduction in molecular absorptivity, as expected from the Beer's law applied to mixtures of molecules (Skoog and West, 1982) .
While it is reported that humic substances do not follow the Beer's law strictly and that their molecular absorptivity varies with molecular size (Stevenson, 1994) , the findings of this study confirm previous works regarding different humic materials (Piccolo et al., 1999; Cozzolino et al., 2000) , which have indicated further that separation of humic components affects light absorption by humic substances, the extent of which varies with composition and conformation of dissolved humic material. The additional effect of a number of single molecules on the molecular absorptivity of their mixture (Skoog and West, 1982) is advocated to explain the lower absorbance of peaks in eluent B in respect to control mobile phase. Addition of methanol is expected to alter the original conformation in solutions by drawing apart from each other humic components (or chromophores) which then rearrange in smaller but more stable molecular associations. The additive interactions in light absorption of the different chromophores was, therefore, altered, and the molecular absorptivities of the new smaller associations was decreased.
Similar considerations apply to the greater changes that occurred (Table 3) when pH of the control solution was lowered to 5.54 by HCl (mobile phase C). Disruption of humic molecular association was larger than that in methanol because additional intermolecular hydrogen bondings further altered the original HA conformation established in the control mobile phase. The formation of a hydrogen bond represents an energy gain from 10 to 20 kJ mol Ϫ1 compared with a van der Waals bond (Schwarzenbach et al., 1993) . Protonation of humic molecules in mobile phase C favored a thermodynamically more stable conformation than the one weakly stabilized by the dispersive interactions predominant at the pH 7 of control mobile phase.
The even larger changes in molecular-size distribution of HAs caused by lowering pH with acetic acid in mobile phase D (Table 3) may be explained by an additional effect of the methyl group of acetic acid. As for mobile phase C, formation of intermolecular hydrogen bondings among humic molecules disrupted former humic associations that were only weakly stabilized by hydrophobic forces. However, it is likely that the methyl group of acetic acid in mobile phase D interfered with the residual hydrophobic forces which still contributed to stabilize humic conformations in solution C, thereby dispersing HAs into even smaller associations of molecules. This is in line with other results, which showed that the number of carbon atoms in organic acids interacting with humic substances is related to the extent of conformational changes in humic associations (Piccolo et al., 1999; Cozzolino et al., 2000) .
HPSEC of Polymeric Standards
in Different Mobile Phases Column calibration of humic substances in HPSEC studies is complicated by the ignorance of their chemical structures. For any possible calibration standard, the hydrodynamic radius and the interaction with the stationary phase are bound to be different from those of the humic substances (Cameron et al., 1972; Conte and Piccolo, 1999 b; Ballarin et al, 1999) . Globular proteins have been used as column calibration standards (Miles and Brezonik, 1983; Chin and Gschwend, 1991) , despite their recognized overprediction of humic substances' molecular weights. Polystyrenesulphonates are also popular standards in exclusion studies of humic substances (Miles and Brezonik, 1983) . However, these compounds are far from representing the aromatic C content of humic substances (Berden and Berggren, 1990) and their weak acidity (Conte and Piccolo, 1999 b) . Although uncharged, nonionic hydrophilic polymeric biomolecules such as PYR or nonionic polyethylene-glycol (PEG) have also been used to evaluate molecular size distributions of dissolved humic samples (Rausa et al., 1991; Peuravuori and Pihlaja, 1997; Ballarin et al., 1999; Conte and Piccolo, 1999 a and b) .
Because of their undisputed polymeric nature, both nonionic PYR polymers and PSS polyelectrolytes were used in this study to compare the behavior of real covalently bound polymers with that of HAs in the same chromatographic conditions. The different mobile phases did not influence the chromatographic behavior of the polymers. Figure 5 shows, for example, the chromatograms of two PSS and one PYR standards eluted by the different mobile phase. The chromatograms of the two PSS were perfectly equal in the four different elution conditions and showed retention volumes of 12.31 and 14.34 mL (Fig. 5, I ) for the 130 and 16.8 KD standards, respectively. Similarly, the 100-KD PYR standard (Fig 5, II) revealed that its retention volume of 13.54 mL did not vary in the different mobile phases. Figure 6 shows the curves drawn by relating all elution volumes obtained for both PYR (RI detector) and PSS standards (both UV and RI detectors) with their respective log of MW when the standard polymers were dissolved and eluted in four different mobile phases.
No significant differences were shown by the curves obtained for the uncharged PYR standards in the different mobile phases (Fig. 6, I ). The linear equations were similar and the slight differences well within the statistical analytical significance (2% of relative standard deviation): y ϭ 27.8-2.94x (r 2 ϭ 0.996) for the control solution, y ϭ 28.6-3.13x (r 2 ϭ 0.997) for solution B, y ϭ 29.1-3.22x (r 2 ϭ 0.990) for solution C, and y ϭ 28.2-3.03x (r 2 ϭ 0.993) for solution D. The curves obtained for the polyelectrolytic PSS standards were found to be very similar in the different elution phases by both the UV (Fig. 6, II) and the RI detector (Fig. 6, III) . The relative equations Regardless of the charge density of the employed polymers, the lack of differences in their chromatographic behavior indicated that the slight variation in the composition of mobile phases was insufficient to alter either the conformational stability conferred to these macromolecular polymers by strong covalent bondings or their interactions with the stationary phase. The substantial difference between the response to HPSEC of these polymeric standards and that of HAs in exactly the same chromatographic conditions suggests that humic materials have a different conformational structure which may well consist of supramolecular associations of self-assembling heterogeneous molecules rather than polymeric macromolecules.
Light Absorption and Molecular Composition of HAs
To verify that the reduction in molecular absorptivity observed in HA chromatograms is not limited to one wavelength, UV spectra of HA solutions were recorded over a range of wavelengths. Figure 7 shows that the three HAs produced different absorbance values upon modification of their solution. Although addition of methanol caused a reduction in molecular absorptivity at all wavelengths in HA2 and only for some wavelengths in HA1, it did not have any effect in respect to control for HA3. Addition of HCl produced, instead, lower absorbance values than control solution for all HAs, except for the 290 to 330-nm range in HA1.By adding acetic acid,a significant decrease in absorbance was observed for all three HA solutions and over all wavelengths. These results confirm the chromatographic observations and indicate that molecular absorptivity of the bulk HAs varies with composition of solution. A reduction of molecular absorptivity by addition of chemicals that disrupt the weakly stabilized molecular associations of HAs shows that the mutual spatial arrangement of different chromophores affect the overall absorbance of a humic solution. Conte and Piccolo (1999b) proposed that the reciprocal interactions of the dipole moments of neighboring chromophores in unstable humic associations may be responsible for changes in their molecular absorptivities.
The differences in light absorption of HAs in modified solutions are related to their specific molecular composition. The major discrepancy among UV spectra of HAs is the different molecular absorptivity shown by HA1 in the methanoladded solution compared with HA2 and HA3 (Fig. 7) . This may be explained by the relatively larger aromaticity and carboxylic acidity of HA2 (Table 2 ). The slight amount of methanol in solution B was capable of a larger conformational disruption of HA2 resulting from formation of hydrogen bondings between methanol and humic carboxylate groups. These were sufficient to disaggregate a humic association weakly stabilized primarily by -interactions among aromatic structures and, thus, decrease molecular absorptivity compared with the control solution (Fig. 7) . Conversely, the lower acidic-C and larger aliphatic-C content of HA1 (Table 2) suggests that a smaller number of intermolecular hydrogen bondings was formed with methanol. In the case of HA1, these bondings associated, rather than disrupted, humic aggregates that were already stabilized by hydrophobic forces among aliphatic moieties. The overall greater hydrophobicity of HA3 may balance the two opposite methanol effects toward a new humic conformation showing absorptivity similar to that of the control solution.
Molecular properties of HAs can also explain differences in HPSEC results. Whereas RI chromatograms showed that humic resistance to disruption by methanol was similar for all HAs (Table 3) , the UV chromatogram of HA1 revealed an increase in the high molecular weight peak and a consequent enhancement of Mw in respect to the control solution (Fig. 1, Table 3 ).As for the UV spectrum of HA1, this enhancement may be caused by a new arrangement of chromophores which, while previously separated in smaller aggregates eluting in the diffused peak, were associated more closely by the presence of methanol. The diffused peak actually showed a concomitant decrease of absorbance in respect to control solution (Fig. 1) .
The large hydrophobicity of HA3 (Table 2 ) and its consequent relatively more stable conformation can again explain the limited changes noted in both UV (small reduction of absorptivity) and RI chromatograms of this material when treated with HCl (Table 3) . Conversely, HA1 and HA2 of higher HI/HB ratios, and, hence, of less hydrophobic character, showed a more extensive disruption into smaller size fractions, as shown by the large absorbance reduction in UV chromatograms (Figs. 1 and 3) , and shift to larger elution volumes in RI chromatograms (Figs. 2 and  4) . Finally, the amphiphilic acetic acid, containing both a methyl group and a carboxyl group, apparently overcame the hydrophobic associations in HA3 and reduced its average molecular size (large absorbance reduction) to the same extent as in HA1 and HA2 (Table 3) .
CONCLUSIONS
Our results confirmed previous findings showing that when the mobile phase of a HPSEC system is varied in composition without significantly changing ionic strength, the molecular size of humic substances is dramatically reduced. Conversely, when solutions of both uncharged and polyelectrolytic polymeric macromolecules of known MW are modified in the same way as for humic solutions, their chromatographic behavior is not affected. This different behavior proves that the chromatographic variations noted for humic substances do not depend on an alteration of the separating capacity of the HPSEC column upon changes in mobile phase composition. The size reduction of humic matter, revealed by peak shifts to higher elution volumes at the RI detector, is accompanied by a significant decrease in molecular absorptivity at the UV detector. Reduction in light absorption by humic materials that is attributed to disaggregation on changes in solution VOL. 166 ~ NO. 3 HUMIC SUBSTANCES VERSUS MACROMOLECULAR POLYMERScomposition was confirmed for a range of wavelengths also by UV spectroscopy. Differences in humic molecular structures showed that the degree of hydrophobicity in humic substances controls the molecular absorptivity of humic matter in either HPSEC or UV spectroscopy and, thus, the extent of changes in association. Our results are in line with recent HPSEC investigations which, by coupling UV, RI, and MALS (MultiAngle Light Scattering) detectors, have also indicated different molecular-size distribution for HS according to the employed detector (von Wandruszka et al., 1999) . These findings suggest further that humic substances, rather than being polymeric macromolecules, may be more simply regarded as supramolecular associations of relatively small heterogeneous molecules stabilized mainly by dispersive forces. The predominant binding forces seem to be hydrophobic, probably because of the entropy-driven tendency to exclude water molecules from humic association and thus stabilize molecular aggregation (Tanford,1991; Schwarzenbach et al., 1993; Israelachvili, 1991) . The superstructural model of humic substances was also advocated in other studies on humic size fractions obtained by hollow fiber ultrafiltration (Christl et al., 2000) . The model of dissolved humic substances based on the self-association of small molecules rather than on the polymeric random coil should contribute further to understanding of the reactivity of humic substances in the many ecological and environmental processes in which they are involved.
